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INTRODUCTION

Obesity is a global epidemic, and the number of persons with excess
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Abstract

Objective: Complement C3 and other components of the alternative pathway are
higher in individuals with obesity. Moreover, C3 has been identified as a risk factor
for cardiovascular disease. This study investigated whether, and how, a weight-loss
intervention reduced plasma C3, activated C3 (C3a), and factor D and explored
potential biological effects of such a reduction.

Methods: The study measured plasma C3, C3a, and factor D by ELISA and measured
visceral adipose tissue, subcutaneous adipose tissue, and intrahepatic lipid by mag-
netic resonance imaging in lean men (n = 25) and men with abdominal obesity
(n = 52). The men with obesity were randomized to habitual diet or an 8-week die-
tary weight-loss intervention.

Results: The intervention significantly reduced C3 (-0.15 g/L [95% CI: —0.23 to
—0.07]), but not C3a or factor D. The C3 reduction was mainly explained by reduc-
tion in visceral adipose tissue but not subcutaneous adipose tissue or intrahepatic
lipid. This reduction in C3 explained a part of the weight-loss-induced improvement
of markers of endothelial dysfunction, particularly the reduction in soluble endothe-
lial selectin and soluble intercellular adhesion molecule.

Conclusions: Diet-induced weight loss in men with abdominal obesity could be a
way to lower plasma C3 and thereby improve endothelial dysfunction. C3 reduction
may be part of the mechanism via which diet-induced weight loss could ameliorate

the risk of cardiovascular disease in men with abdominal obesity.

contribute to development of cardiovascular disease (CVD) (3,4) and
type 2 diabetes (5,6).
Obesity-induced endothelial dysfunction is one of the

body weight now approaches 2 billion worldwide, with one third
being people with obesity (1,2). In particular, excess visceral adipose

tissue (VAT) is associated with low-grade inflammation and it may

mechanisms via which obesity contributes to cardiometabolic diseases
(7,8). Vascular endothelial cells are a major target of inflammatory

damage (9). Vascular endothelial dysfunction is a hallmark of the early
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stages of most CVD characterized by a higher expression of bio-
markers such as soluble vascular cell adhesion molecule-1 (sVCAM-1),
soluble intercellular adhesion molecule-1 (sICAM-1), and soluble
endothelial selectin (sE-selectin) (10).

The complement system is an intricate protein network that is
part of the innate immune system. The endothelial lining of all blood
vessels is, by virtue of its location, in close contact with circulating
complement components. Several complement factors can directly or
indirectly target the endothelium (9,11). Endothelial cells express
anaphylatoxin receptors and complement regulators on their surface
and they are a direct target of complement (12,13).

A substantial number of complement factors are produced in adi-
pose tissue (14), and this production may be higher in individuals with
obesity. In humans, plasma concentrations of factor D and complement
C3, two main circulating components of the alternative complement
pathway, are strongly associated with adiposity (15), and both are pro-
duced in adipose tissue (16,17). The anaphylatoxin C3a was also
reported to be positively associated with BMI (18). C3a is released by
C3 upon complement activation (19), and it may directly activate endo-
thelial cells via the C3a receptor (20). There are indications that the
plasma concentrations of some of these complement components may
change upon changes in body weight. Circulating C3 was higher in obe-
sity and it decreased after nonrandomized weight loss in patients with
obesity (21,22), whereas this was not the case for factor D (22). In addi-
tion, the concentrations of C3, C3a, and factor D, as well as other com-
ponents of the alternative complement pathway, were lower in persons
with anorexia (22). Whereas C3 and factor D increased upon weight
gain in anorexia, the C3a level remained comparable to that at low
weight (22). Moreover, C3 was identified as key marker for changes in
body fat as found in a human proteomics study (23). In addition, in an
observational human cohort, we have shown that factor D, C3, and
C3a were strongly associated with adiposity, but only changes in C3
were associated with changes in BMI over time (15).

The aim of our study was to evaluate whether a diet-induced
weight-loss intervention reduced circulating concentrations of comple-
ment C3, factor D, and/or C3a in a post hoc evaluation of a previously
published trial in apparently healthy men with abdominal obesity
(24,25). We also evaluated whether weight-loss-induced changes in
complement, if observed, were explained by a reduction of specific fat
depots, ie., subcutaneous adipose tissue (SAT), VAT, and/or
intrahepatic lipid (IHL). We additionally explored whether changes in
circulating complement components, if any, could explain the previ-
ously published observation that diet-induced weight loss improved
markers of endothelial dysfunction (25,26).

METHODS
Study cohort
As described before (24,25), White men were recruited via advertise-

ments in local newspapers or among participants involved in earlier
studies. They were included if they met the following inclusion

Study Importance
What is already known?

o People with obesity have higher concentrations of plasma

complement factor D (adipsin) and complement C3.

What does this study add?

e We herein showed, in men with abdominal obesity, that a
randomized-controlled, diet-induced weight-loss inter-
vention resulted in a reduction of C3, which was
explained by the reduction of VAT and, in turn, explained
part of the weight loss-induced improvement in markers

of endothelial dysfunction.

How might these results change the direction of
research of the focus of clinical practice?

e Reduction in complement C3, with subsequent improve-
ment in endothelial dysfunction, may be part of the
mechanism by which diet-induced weight loss amelio-
rates cardiovascular disease risk in men with abdominal
obesity.

criteria: age between 18 and 65 years; weight change < 3 kg within
the previous 3 months; nonsmokers; without diabetes; without CVD;
no drug or alcohol abuse; no use of medication known to affect lipid
or glucose metabolism or hypertension; and no participation in
another biomedical trial during the past 30 days. A total of 25 normal
weight (waist circumference < 94 cm) men and 53 men with abdomi-
nal obesity (waist circumference = 102-110 cm) completed the base-
line measurements. The men with obesity were allocated into two age
groups (18-49 years or 50-65 years). Men in the same age group were
randomly divided into the weight-stable control group or the weight-
loss group. Three men did not complete the weight-loss study, and
one violated the protocol (flowchart in Supporting Information
Figure S1). All participants gave written informed consent before
entering the study. The study was approved by the Medical Ethics
Committee of the Maastricht University Medical Center, performed in
accordance with the Declaration of Helsinki, and registered at
ClinicalTrials.gov as NCT01675401.

Study design

At the start of the study, all men with normal weight and with
abdominal obesity underwent baseline measurements at the
research facilities. Details of the intervention have been published
before (25). Briefly, participants in the weight-loss group visited our

research dietitian every week and had a very low-calorie diet
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(Modifast; Nutrition and Sante Benelux) for at least 4 weeks, under
strict guidance. After the very low-calorie diet period, participants
were provided with a calorie-restricted diet in line with the Dutch
dietary guideline for 1 to 2 weeks. In week 7 and week 8, the partici-
pants were kept in energy balance (weight-maintenance period). Par-
ticipants in the weight-stable control group maintained their normal
diet, physical activities, and alcohol consumption, and they were also
monitored by the dietitian through the whole period.

Clinical measurements

As published previously (24), a 3.0-T Philips Achieva magnetic reso-
nance imaging (MRI) scanner with a dedicated 16-element torso coil
(XLTorso coil; Philips Healthcare) was used to assess SAT and VAT
volumes. Two-dimensional T1-weighted turbo spin-echo images were
acquired centered at the top of the L4 vertebral body. Images were
analyzed offline with dedicated software (Hippo Fat; IFC CNR).

The same MRI scanner and coil were used to assess IHL con-
tent through mDixon imaging. Images from two 6-mm-thick trans-
verse sections through the liver were acquired using a two-
dimensional three-point T1-fast field echo mDixon pulse
sequence to correct for T2* relaxation. The intrahepatic fat per-
centage was calculated in three regions of interest within the liver
parenchyma, carefully avoiding blood vessels. The fat content was
expressed as the weighted mean fat signal, divided by the sum of

the weighted mean water and fat signal, as described before (24).

Blood analyses

After an overnight fast, blood was drawn through an intravenous cathe-
ter into NaF-containing vacuum tubes (Becton, Dickinson, and Company)
and ethylenediaminetetraacetic acid (EDTA)-coated vacuum tubes
(Becton, Dickinson, and Company) on ice. Within 30 minutes after blood
sampling, the tubes were centrifuged at 1,300g for 15 minutes at 4°C to
obtain plasma. Blood drawn in serum tubes (Becton, Dickinson, and
Company) was allowed to clot for 30 minutes at 21°C and centrifuged at
1,300g for 15 minutes at 21°C. Plasma and serum aliquots were stored
at —80°C until use.

Endothelial function markers (sVCAM-1, sICAM-1, sE-selectin)
were measured in EDTA plasma on a multiarray detection system
based on electrochemiluminescence technology (SECTOR Imager
2400, Meso Scale Diagnostics), whereas von Willebrand factor (vVWf)
was assessed by enzyme-linked immunosorbant assay (ELISA) in cit-
rate plasma, all as previously described (25). The interassay coeffi-
cients of variation were 3.1%, 4.2%, 5.7%, and 7.2% for sICAM-1,
VWI, sE-selectin, and sVCAM-1, respectively.

To reduce the influence of the biological variability of each
marker and achieve statistical efficiency, we standardized sum scores
for endothelial dysfunction. To obtain standardized sum scores, we
first standardized each individual biomarker, and then z scores were

averaged into overall standardized endothelial dysfunction scores.
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Complement factor D was measured in EDTA plasma using an
Duo Set kit assay (R&D Systems), as described before (27). Comple-
ment C3 was measured in EDTA plasma using an MSD R-plex Human
Complement C3 Antibody Set (Meso Scale Diagnostics). The assay
was performed according to the manufacturer’s instruction, except for
the use of a 1:20,000 instead of 1:300,000 dilution, which resulted in
better stability of the measurements. Complement C3a was measured
in EDTA plasma by ELISA (MicroVue C3a Plus EIA kit, Quidel Corp.)
(19). The interassay coefficients of variation were 4.0%, 8.9%, and
4.2% for factor D, C3, and C3a, respectively.

Glucose concentrations were measured in NaF plasma (ABX, Hor-
iba). Serum samples were analyzed for total cholesterol (CHOD-PAP
method; Roche Diagnostics), high-density lipoprotein (HDL) choles-
terol (precipitation method; Roche Diagnostics), triacylglycerol (GPO
Trinder, Sigma-Aldrich Corp.), and glycated hemoglobin (Bio-Rad Lab-
oratories, Inc.). Low-density lipoprotein (LDL) cholesterol was calcu-
lated by using the Friedewald formula, and triacylglycerol was
corrected for free glycerol (25).

Statistical analyses

Normally distributed variables are presented as mean (SD). Skewed
variables are presented as median with interquartile range. Differ-
ences at baseline between men with normal weight and men with
abdominal obesity were examined by an independent Student t test in
case of normally distributed data or Mann-Whitney U test in case of
a skewed distribution. One-factor ANCOVA, using baseline measure-
ments as covariates, was performed to evaluate the effect of the
weight-loss intervention. To take into account the age stratification in
the randomization process, adjustment for age was performed, and an
additional linear regression analysis was performed to investigate the
association of changes in fat measures with changes in complement
concentrations. Linear regression with adjustment for age was used to
investigate the association of 1) the cross-sectional association of
BMI and measures of body composition with complement concentra-
tions and 2) the associations of the intervention and changes in mea-
sures of body components with changes in complement
concentrations. Multiple mediator analysis was used to study whether
1) a specific fat depot (i.e., SAT, VAT, and/or IHL) independently medi-
ated the cross-sectional association of BMI with plasma complement
concentrations or 2) whether changes in a specific fat depot (i.e., SAT,
VAT, and/or IHL) independently mediated the effect of the weight-
loss intervention on changes in complement concentrations. To fur-
ther explore possible effects of weight-loss-induced changes in circu-
lating complement on biomarkers of endothelial dysfunction, their
associations were evaluated using linear regression, and single media-
tor analyses were done to investigate whether (changes in) comple-
ment concentrations significantly mediated the association of BMI or
the intervention with (changes in) markers for endothelial dysfunction.
Statistical analyses were performed using SPSS Statistics 25.0 (IBM
Corp.). A two-sided p value < 0.05 was considered statistically signifi-

cant. Mediation analyses were conducted with the PROGRESS plug-in
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for SPSS version 3.5.2 (Andrew F. Hayes, The Ohio State University).
Bootstrapped confidence intervals (Cl) (5,000 samplings) were gener-
ated, and effects were deemed significant when the Cl did not

include zero.

RESULTS

Study participants: comparison of participants with
normal weight and with abdominal obesity

Men with normal weight (n = 25) and with abdominal obesity (n = 52)
who completed the baseline measurements were analyzed, as

TABLE 1 Baseline characteristics of the study population

Lean (n = 25)

Age ly) 53.7 (25.0-61.6)
Body weight measures

Weight (kg) 749 + 8.3

Waist circumference (cm) 849 + 6.3

BMI (kg/m?) 233+ 18

Subcutaneous fat volume (L)? 1.45 + 0.51

Visceral fat volume (L) 0.89 + 0.42

Intrahepatic lipid content (%)?

Blood pressure (mm Hg)

24-hour systolic blood pressure 1175 + 8.8

24-hour diastolic blood pressure 725 + 94
Lipid metabolism status (mmol/L)

Total cholesterol 4.55 + 0.78

HDL cholesterol 1.26 + 0.26

LDL cholesterol® 2.82 + 0.70

Triglycerides

Glucose metabolism status

HbA1 (%) 518 + 0.37

Fasting plasma glucose (mmol/L) 5.35 £ 0.29
Markers of endothelial dysfunction

sE-selectin (ng/mL) 70.4 + 28.6

sICAM-1(ng/mL) 234.7 + 37.7

VW (%) 125.9 + 38.2

sVCAM-1 (ng/mL) 398.3 + 82.8
Components of the alternative complement pathway

Factor D (mg/L) 0.86 + 0.17

C3 (g/L) 1.29 +£0.26

C3a (pg/L) 32.5(27.5-38.5)

3.43(3.13-3.78)

0.95(0.67-1.11)

reported before (24). Baseline characteristics of the participants are
shown in Table 1. The median age was similar for the men with normal
weight and the men with abdominal obesity. Anthropometric mea-
sures, which included weight, waist circumference, and BMI, were
higher in the participants with abdominal obesity, as were VAT, SAT,
and IHL (p < 0.001). The metabolic profile, that is, blood pressure, lipid
metabolism (total cholesterol, HDL cholesterol, LDL cholesterol, and
triglycerides), and glucose metabolism (fasting plasma glucose and gly-
cated hemoglobin), was generally worse in men with abdominal obe-
sity. Plasma sE-selectin was significantly higher in men with
abdominal obesity (p < 0.001), and sICAM-1 also tended to be higher,
albeit not statistically significantly (p = 0.086), whereas sVCAM and
vWf were comparable between the two groups. Factor D (13%) and

Obesity (n = 52) p value
51.8 (45.7-60.7) 0.965
96.9 + 84 <0.001
106.5 + 3.6 <0.001
30.1 +£21 <0.001
3.09 +0.78 <0.001
2.34 +£0.72 <0.001
4.96 (3.90-7.86) <0.001
1234 + 8.7 0.007
804 + 7.3 <0.001
5.56 £ 0.97 <0.001
1.11 + 0.21 0.008
3.68 + 0.89 <0.001
1.66 (1.17-2.19) <0.001
5.30 + 0.37 0.193
5.64 + 0.48 0.006
108.0 + 44.6 <0.001
255.0 & 51.9 0.086
125.1 + 44.2 0.937
4135 + 79.1 0.439
0.97 £ 0.21 0.027
1.57 + 0.24 <0.001
35.4(30.3-47.7) 0.194

Note: Data presented as mean & SD (normal distribution) or median (IQR; skewed distribution), as partially published before reference (24). P values were
obtained by independent Student t test or Mann-Whitney U test, when appropriate.
Abbreviations: HbA,, glycated hemoglobin; sE-selectin, soluble endothelial selectin; sSICAM-1, soluble intercellular adhesion molecule 1; sVCAM-1, soluble

vascular cell adhesion molecule 1; vWf, von Willebrand factor.
2Analyzed in 24 lean men and 52 men with obesity.
BIn 25 lean men and 50 men with obesity.
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C3 (22%) were higher in men with abdominal obesity compared with
lean men (p = 0.027 and p < 0.001, respectively), whereas plasma
C3a did not statistically differ between lean men and men with
abdominal obesity (p = 0.194).

Effect of the weight-loss intervention on plasma
concentrations of factor D, C3, and C3a

Table 2 and Supporting Information Figure S1 show the effect of the
weight-loss intervention on the complement components. The inter-
vention significantly reduced plasma C3 (-0.15 g/L, 95% Cl: —0.23 to
—0.07 g/L; p < 0.001), which is approximately 10% of the baseline
concentration. We also tested the effect of weight loss on plasma C3
using a repeated measures one-way ANOVA. The p value for time x
treatment was 0.011. No significant changes were observed in plasma
factor D (—0.03 mg/L, 95% Cl: —0.09 to 0.02) or C3a (3.74 pg/L, 95%

Obesity [o E VY 15 A'd K

Cl: —2.50 to 9.98). Additional adjustment for age did not affect these
results.

Supporting Information Table S1 shows that, in the men with
abdominal obesity, the changes in BMI, SAT, and VAT that were
observed over the 8-week follow-up period were associated with the
change in C3 (p = 0.042 to 0.156 g/L, p = 0.030 to p < 0.001). No
significant associations were observed between changes in adiposity
and changes in factor D or C3a.

Next, we evaluated whether the significant effects of the weight-
loss intervention on plasma C3 were attributable to changes in one of
more of the individual fat depots. In the intervention study, only the
change in VAT was associated with the change in C3, independent of
age and independent of the other fat depots (Table 3). In multiple media-
tor models, we subsequently observed that the association between the
weight-loss intervention and change in C3 was substantially and inde-
pendently mediated by change in VAT (C3: —0.147 g/L, 95% Cl: —0.285
to —0.001), but not by changes in SAT or IHL (Figure 1A).

TABLE 2 Plasma complement concentration before and after the 8-week dietary intervention

Weight-stable control group?

Weight-loss group®

Treatment effect

Baseline Follow-up Baseline Follow-up Mean change (95% Cl) p value
Factor D (mg/L) 0.96 + 0.20 0.97 £ 0.19 0.99 + 0.22 0.96 + 0.20 —0.03 (—0.09 to 0.02) 0.237
C3 (g/L) 1.62 £ 0.22 1.58 + 0.22 1.53 £ 0.25 1.37 £ 0.18 —0.15 (—0.23 to —0.07) <0.001
C3a (ug/L) 35.3(32.3t0 46.7) 35.0(29.5 to 42.3) 35.5(26.9 to 49.4) 40.0 (26.4 to 60.7) 3.74 (-2.50 to 9.98) 0.234

Note: Bold font represents statistically significant data. P value of treatment effect was obtained by one-factor ANCOVA with baseline value as covariate.
C3a concentrations at baseline and follow-up were skewed distributed, whereas the change of C3a concentration showed a normal distribution. When
C3a was In-transformed in a sensitivity analysis, the effect of the weight-loss intervention was comparable.

an = 26.
bn = 23.

TABLE 3 Multivariate linear associations of the (changes in) different fat depots (independent variables) with (changes in) C3 (g/L, dependent

variable)
A C3(95% ClI) p value C3(95% Cl) p value
Intervention study®
A Subcutaneous fat (L) Model 1 0.103 (0.005 to 0.200) 0.040
Model 2 —0.034 (—0.163 to 0.095) 0.600
A Visceral fat (L) Model 1 0.157 (0.075 to 0.239) <0.001
Model 2 0.173 (0.054 to 0.292) 0.005
A Intrahepatic lipid (%) Model 1 0.019 (—0.003 to 0.042) 0.093
Model 2 0.003 (—0.021 to 0.026) 0.827
Cross-sectional study”
Subcutaneous fat (L) Model 1 0.121 (0.068 to 0.174) <0.001
Model 2 0.055 (0.003 to 0.108) 0.040
Visceral fat (L) Model 1 0.199 (0.141 to 0.256) <0.001
Model 2 0.112 (0.036 to 0.189) 0.005
Ln Intrahepatic lipid (%) Model 1 0.308 (0.193 to 0.422) <0.001
Model 2 0.161 (0.039 to 0.282) 0.011

Note: Bold font represents statistically significant data. Model 1: adjusted for age. Model 2: additionally adjusted for the other two fat depots.

AN = 49.
bN = 78.
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In the cross-sectional linear regression analyses, SAT, VAT, and
IHL were each associated with C3 concentration (Table 3). In multiple
mediator models, the association between BMI, as a measure of gen-
eralized adiposity, and plasma C3 was independently mediated by
VAT (0.020 g/L, 95% Cl: 0.005-0.040) and by IHL (0.011 g/L, 95% Cl:
0.003-0.021), but not by SAT (Figure 1B).

Effect of abdominal obesity and the weight-loss
intervention on markers of endothelial dysfunction via
change in plasma C3

To explore the potential biological consequences of the effects of the
weight-loss intervention on alternative complement pathway compo-
nents, we also investigated whether changes in complement were

associated with changes in circulating markers of endothelial

TABLE 4 Linear association between change in plasma C3
concentration and changes in plasma concentrations of biomarkers for
endothelial dysfunction

A C3(g/L)
p

95% Cl value
A Endothelial dysfunction score  2.500 (0.866 to 4.125) 0.003
A sE-selectin (ng/mL) 83.00 (39.17 to 126.83) <0.001
A sICAM-1 (ng/mL) 78.12 (36.94 to 119.29) <0.001
A VWF (%) 17.21 (—30.77 to 65.18) 0.474
A sVCAM-1 (ng/mL) 29.00 (—67.11 to 125.11) 0.547

Note: Bold font represents statistically significant data. Crude
unstandardized associations between change in plasma C3 and changes in
plasma endothelial biomarkers. Results are shown for all men with obesity
who participated in the intervention study (n = 49).

Abbreviations: sE-selectin, soluble endothelial selectin; SICAM-1, soluble
intercellular adhesion molecule 1; sVCAM-1, soluble vascular cell adhesion
molecule 1; vW{, von Willebrand factor.

-15.4%
(A) 0.018 [-0.188; 0.192]

A SAT

125.6%
- 0.147 [-0.285; -0.001]

A VAT

5.1%
-0.006 [-0.059; 0.057]

/ o
-0.117 [-0.206; -0. 027]
Intervention "o ____----—-——-——-—-—-—--------———- 3
0.019 [-0.220; 0.258]

dysfunction. Table 4 shows that the association of the change in C3
was associated with the change in the overall endothelial dysfunction
score (f = 2.500 SD, 95% Cl: 0.866-4.125). In line with this, the
change in C3 also significantly associated with changes in sICAM
(78 ng/mL, 95% Cl: 37-119) and sE-selectin (83 ng/mL, 95% CI:
39-127), but not vVWF or sVCAM.

We subsequently explored whether C3 could be a mediating
variable in the associations of adiposity (BMI, cross-sectional ana-
lyses) or the weight-loss intervention with endothelial dysfunction.
Table 5 shows the results of single mediation analyses in which we
explored the mediating effect of C3 on the associations of either
BMI or the weight-loss intervention with the combined endothelial
dysfunction score or the individual endothelial markers. The
intervention-induced change in C3 partially mediated the effect of
the intervention on the overall score for endothelial dysfunction
(—0.22 SD, 95% Cl: —0.66 to 0.01), on sE-selectin (—6.10 ng/mL,
95% Cl: —14.2 to —0.92), and on sICAM (—6.65 ng/mL, 95% ClI:
—17.2 to —0.54). In subsequent sensitivity analyses, we evaluated
the mediating effects of C3 on the associations of waist circumfer-
ence and VAT with the endothelial
(Supporting Information Table S1). Additional adjustment for age

dysfunction markers
did not affect any of the associations observed in the weight-loss

intervention.

DISCUSSION

This randomized controlled dietary weight-loss intervention study in
men with abdominal obesity has several main observations. First, the
weight-loss intervention reduced complement C3, but not factor D or
C3a. Second, the effect of the intervention on plasma C3 was partially
explained by change in VAT. Third, the effect of the weight-loss inter-
vention on plasma markers of endothelial dysfunction was partly
mediated by change in C3.

The weight-loss intervention reduced the plasma concentration

of C3. In addition, in the cross-sectional comparison, the C3

38.1%
(B) 0.016 [-0.007; 0.042]

SAT

47.6%
0.020 [0.005; 0.040]

VAT

26.2%
0.011 [o 003; 0.021]

o 042 [0.028;0. ose]

-0.003 [-0.04; 0.033]

FIGURE 1 Multiple mediator models to determine the contribution of the different fat depots (SAT, VAT, and IHL) on the difference

(or change) in C3. (A) Multiple mediator model in which AVAT, but not ASAT or AIHL, was an independent mediator of the association between
the weight-loss intervention and AC3 (n = 49). (B) Multiple mediator model adjusted for age in which VAT and In-transformed IHL, but not SAT,
were significant mediators of the cross-sectional association between BMI and plasma C3 (n = 76). IHL, intrahepatic lipid; SAT, subcutaneous
adipose tissue; VAT, visceral adipose tissue [Color figure can be viewed at wileyonlinelibrary.com]


http://wileyonlinelibrary.com

WEIGHT-LOSS INTERVENTION AND COMPLEMENT COMPONENTS

Obesity [o E YY1 AV K

TABLE 5 The mediating effect of (changes in) C3 on the association of weight-loss intervention or BMI with (changes in) markers of

endothelial dysfunction (dependent variables) in simple mediator models

Independent: Intervention (Y/N)?

Dependent Path® ) 95% Cl %4
A EndDys score (SD) c —-0.86 (—1.39 to —0.33)
c —0.64 (—1.18 to —0.10)
axbacs 022  (~0.66t00.01) 26
A sE-selectin (ng/mL) C -36.5 (—48.9 to —24.1)
c -304 (—42.8 to —17.9)
axbacs 610 (-142t0-092) 17
A sICAM (ng/mL) c —26.5 (—39.9 to —13.2)
c -19.9 (—33.3 to —6.47)
axbacs —6.65 (-17.2t0 -0.54) 25
A VWF (ng/mL) C —5.47 (—=20.5 to 9.60)
c -3.02 (-19.2t0 13.2)
axbacs —2.44 (—16.6 to 5.61)
A sVCAM (ng/mL) C 347 (—28.3t035.2)
ol 7.64 (—26.6t0 41.9)
axbacs —4.17 (—15.2to 7.63)

Independent: BMI (kg/m?)P

Dependent Path® i} 95% Cl %
EndDys score (SD) C 0.06 (0.00 to 0.12)

c 0.02 (—0.05 to 0.08)

axbC3 0.05 (0.01 to 0.10) 83
sE-selectin (ng/mL) C 481 (2.38 to 7.23)

c 3.88 (1.14 to 6.63)

axbC3 0.92 (—0.60 to 2.60) 19
sICAM (ng/mL) c 3.13 (0.27 to 5.98)

c 1.24 (—1.91 to 4.39)

axbC3 1.88 (0.11 to 4.78) 60
VWEF (ng/mL) c —0.69 (—3.08 to 1.71)

c -1.96 (—4.64 to 0.72)

axbC3 1.27 (—0.44 to 3.19)
sVCAM (ng/mL) Cc 1.25 (—3.64 to 6.14)

ol -1.99 (—7.38 to 3.41)

axbC3 3.24 (—0.89 to 6.29)

Note: Bold font represents statistically significant data.

Abbreviations: EndDys score, endothelial dysfunction score; sE-selectin, soluble endothelial selectin; sICAM-1, soluble intercellular adhesion molecule 1;
sVCAM-1, soluble vascular cell adhesion molecule 1; vWf: von Willebrand factor.

N = 49.
bN = 77.

‘c is the total effect, that is, the regression coefficient of the association of BMI or the intervention as independent and the respective marker of
endothelial dysfunction as outcome, c’ is the direct effect, and a x b is the indirect effect via (changes in) plasma C3.
9The proportion mediated effect [a x b/c] was calculated only when the total effect (c path) was significant.

concentration was significantly higher in men with obesity than in the
normal weight group, as was reported previously (15,22). The
observed reduction in C3 after the weight-loss intervention agrees
with reports from nonrandomized, noncontrolled weight-loss trials in
men and women with various degrees of obesity (all with BMI > 40
kg/m?) (21,22,26). A reduction in C3 generally results from either
hypoproduction, i.e., less production of C3 in tissue, including adipose
tissue, or hyperconsumption, i.e., reduction of C3 upon activation of
the C3 cascade, when C3 is converted into C3a and C3b. Because
plasma C3a in our study did not change with the weight-loss interven-
tion, we consider it most likely that the decrease in C3 with weight-
loss intervention resulted from decreased C3 production rather than
increased consumption. As the reduction in C3 with a weight-loss
intervention was mainly explained by VAT, we speculate that the
weight-loss intervention reduced the production of C3 in this adipose
tissue depot. It could be argued that there may be an indirect effect
as well, e.g., via reduction of C3 production in the liver, which is the
main source of plasma C3 (17). However, the most likely mechanism
via which a reduction in VAT would lead to a lower hepatic C3 pro-
duction would be via a decrease in circulating inflammatory factors
(26), which were unaffected in our study (27). Also, the change in IHL
did not contribute to the association between the weight-loss inter-
vention and change in plasma C3, independent of change in VAT. A

reduction in plasma C3 could result in a reduced potential for

activation of the alternative complement pathway and of the common
amplification loop. However, there may also be effects that are inde-
pendent of canonical complement activation. As an example, C3 can
directly interact with fibrinogen (28). Incorporation of C3 into fibrin
clots can contribute to hypofibrinolysis and, therefore, to enhanced
thrombosis risk (28).

In our study, the diet-induced change in C3 partly explained the
beneficial effect of the weight-loss intervention on the endothelial
markers sE-selectin and sICAM. A cross-sectional association of C3
with these markers was reported before (26). Our results suggest that
a weight-loss-induced reduction in C3 reduces endothelial dysfunc-
tion in apparently healthy men with abdominal obesity. These results
may have potential relevance in light of the worldwide SARS-CoV-2
epidemic. Severe COVID-19 is characterized by, among others,
inflammation, endothelial dysfunction, and thrombotic micro-
angiopathy (29,30), and men with obesity have a high risk to develop
severe COVID-19 upon infection (31). Inhibition of C3 activation can
improve outcomes in severe COVID-19 (32), and we speculate that
reduction in plasma C3 via diet-induced weight loss might be benefi-
cial in the prevention of severe COVID-19 in men with obesity.

In contrast to plasma C3, the concentration of the other comple-
ment factors that were studied, factor D and C3a, did not change with
a weight-loss intervention. At baseline, factor D was slightly higher in

participants with obesity than in one with normal weight, which is in
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line with previous publications (15,33) although not always significant
(22). Given the profound expression of factor D in adipose tissue, one
might intuitively expect the plasma concentration of factor D to be
responsive to weight loss, but our current data do not support that
premise. In fact, the change in factor D concentration with a weight-
loss intervention was small and not significant, which is in agreement
with what was found before (22).

It was previously reported that the expression of factor D in adi-
pose tissue may differ between men and women. In women, factor D
was inversely correlated with BMI in SAT, but not in VAT, whereas, in
men, a similar inverse correlation with SAT was present, but a positive
correlation was observed in VAT (34). Based on these cross-sectional
observations, we speculate that, in men with obesity, a weight-loss
intervention would decrease the expression (and production) of factor
D by adipocytes in VAT, but this may be counteracted by a concomi-
tant increase in factor D expression (and production) by SAT, the total
result of which would be the observed, nonsignificant effect of a
weight-loss intervention on circulating factor D in men with obesity.
In addition, in vitro studies showed that factor D, as well as C3a, may
be active contributors to lipid accumulation in adipocytes, rather than
merely products of adipose tissue, which would provide an additional
explanation for the fact that they are not responsive or are less
responsive to diet-induced weight loss (35).

Although baseline C3a was approximately 9% higher in men with
abdominal obesity compared with lean men, this difference was not
statistically significant. Previous publications have reported higher C3a
in people with obesity than in lean individuals, but these reports have
often concerned studies in persons with extreme levels of obesity, with
obesity-related comorbidities such as metabolic syndrome, and/or with
larger numbers of participants (15,36-38). This may explain why our
current findings that C3a did not change upon a weight-loss interven-
tion in men with abdominal obesity contrasts with a previous report
that, in women, plasma C3a was reduced upon extreme weight loss
resulting from bariatric surgery (38). However, our current observations
are in agreement with the observation that C3a was neither reduced in
women with anorexia nor increased upon weight gain (22). In addition,
we previously reported that, in our current weight-loss intervention
study, the concentrations of several plasma biomarkers of systemic
inflammation were not altered by the weight-loss intervention (25).
C3a is an inflammatory factor (39), and our observation that C3a was
not changed is therefore in line with these previous findings.

This study has several strengths. First, it is a randomized and con-
trolled weight-loss intervention. Second, the intervention is combined
with a cross-sectional comparison of lean participants and participants
with abdominal obesity, allowing for a comprehensive evaluation. Third,
participants were apparently healthy and had moderate obesity, thereby
representing a large group of persons in our society. Fourth, the MRI
data allowed us to look beyond abdominal obesity per se and to evalu-
ate the independent effects of distinct fat depots. Our study also has
limitations. First, no measurements were available between baseline and
follow-up; therefore, we cannot determine the order of events that
resulted from the weight-loss intervention. Also, our observation that

the concentration of C3a was not altered in plasma does not necessarily

exclude the possibility that the weight-loss intervention did, to some
extent, affect local generation of C3a. Local C3 activation can induce
endothelial dysfunction (12,40), but C3 may also be produced by endo-
thelial cells, at least in vitro (41,42). Therefore, reverse causation cannot
be fully excluded. Last, our study involved White men, which prohibits
extension of the findings to women and to other ethnicities.

CONCLUSION

In conclusion, we showed that a diet-induced weight-loss intervention
reduced the plasma concentrations of complement C3 in men with
abdominal obesity. This reduction in C3 was mainly explained by the
reduction in VAT. In turn, the reduction in C3 partly explained the
weight-loss-associated improvement of plasma biomarkers of endo-
thelial dysfunction, in particular sE-selectin and sICAM. Reduction in
C3 can be one of the mechanisms via which a diet-induced weight-
loss intervention could reduce the risk of obesity-associated diseases
such as CVD and type 2 diabetes.O
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